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Abstract A dual stage process of depositing bamboo-like
carbon nanotubes (BCNTs) by hot filament chemical vapor
deposition (HFCVD) and coating Si using Radio frequency
sputtering (RFS) technique. The films were characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), and electron field emission
studies (EFE). SEM results suggest a dense network of
homogeneous silicon-coated BCNTs. From the compre-
hensive analysis of the results provided by these techniques
emerges the picture of Si encapsulated BCNTSs.
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Introduction

Silicon is an important material due to its role as the fun-
damental component in integrated circuits, microelectron-
ics, and in lithium ion batteries. Continuous efforts have
been focused on investigating the nanostructures of silicon
for unveiling the properties and miniaturizing the micro-
electronics devices, including the goal of integrating the
electronics and photonics on the same Si chip. To attain this
challenge various groups reported silicon nanotubes, each
using a different growth process. Yang et al. [1, 2] first
reported the synthesis by chemical vapor deposition and
experimental observation by transmission electron micros-
copy (TEM) of large-diameter SiNTs. The tubes were
grown on alumina nanochannel arrays using gold particles
as catalysts. Lee and co-workers [3] later reported the
growth of SiNTs by molecular beam epitaxy on porous
alumina, without using catalysts. The observed tubular
structures were covered with a thick layer of silicon oxide.
Sol-gel methods have resulted in SiO,-coated MWCNTs. A
drawback of this technique was that the sintering process
led to a partial crystallization of the SiO, resulting in a very
inhomogeneous matrix [4]. An alternative method, which
avoids these problems, has been developed. This involves
using a Nd:YAG laser to rapidly heat a tetraethoxysilane/
nanotube mixture, resulting in partial melting of the matrix.
This produced an amorphous silica matrix, with no crys-
tallization. A novel nanotube/silica composite material with
potentially useful optical properties has recently been
described by Han et al. [5]. These workers synthesized films
consisting of silica spheres with diameters ranging from 200
to 650 nm. Molybdenum/cobalt catalyst particles were then
deposited onto the silica spheres and used to catalyze the
growth of SWNTs. Since SWNTs are highly non-linear and
fast-switching materials, they can be incorporated into an
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optically confining environment to achieve these charac-
teristics at relatively low levels of laser intensities. There
have also been some initial studies on carbon nanotube/
carbon fibre composites [6]. Wang et al. [7] reported the
thermal characteristics of silicon-coated multiwalled carbon
nanotubes. In this article, we discuss the synthesis, and
characterization of silicon-coated bamboo like carbon
nanotubes (BCNTs) using HFCVD and RF sputtering for
lithium ion rechargeable battery anodes. The novelty of this
work is to be able to fabricate a nano Si composite anode
material, which addresses the 400% volume expansion of
Si electrodes. The electrochemical characterization results
will be published as a separate article.

Experimental

The BCNT films deposited on copper substrates used in
this study were grown in a custom made HFCVD chamber
which has been previously described in detail elsewhere
[8]. Tungsten wire (99.95% pure, 0.5 mm diameter) was
wound as a helical spring filament in the HFCVD. Before
the thin films deposition, the tungsten filament was car-
burized. For this, we pumped down the CVD chamber to
8 x 107° mbar (6.0 x 107° Torr) and then filled it with a
mixture of 2.0% CHy, 98.0% H, with 500 ppm of H,S.
Maintaining the combined flow of gases at 100 sccm, and a
pressure of 20 Torr, we kept a constant current of 20 A
through the tungsten wire for 8 h. Starting the carburization
process, the voltage across the filament was 7.7 V, indicat-
ing a low resistance for pure tungsten, but as the time pro-
gressed, the voltage increased, reaching 17.0 V after 8 h.

Polycrystalline copper substrates (99.9% pure, 0.5 mm
thick, 14 mm disk diameter) were hand polished with 600-
grit sandpaper on both sides to make them flat. One side
was then further polished with 1000, 1500, and 2000 grit
sandpaper to smooth the surface. The last step of the pol-
ishing was made with diamond powder (<1 pm particle
size) to achieve a mirror-like surface and for diamond
scratching and seeding, to enhance the nucleation. Before
the diamond powder polishing, the substrates had a natural
copper color, and after the powder polishing, the substrates
looked darker. The substrates were then cleaned in an ultra
sonic bath with 2-propanol for 15 min, dried with helium,
and inserted in the HFCVD chamber on top of a molyb-
denum substrate holder.

Prior to each deposition, we pumped down the CVD
chamber to 8 x 107° mbar (6.0 x 1076 Torr) and then
introduced the gases. For all the samples discussed in this
paper, we kept constant the gas mixture of 2.0% CHy, 98%
H, with 500 ppm of H,S, the combined flow of the gases to
100 sccm, the deposition pressure at 20 Torr, the filament

temperature at ~2500 °C, and the filament-substrate dis-
tance to 8 mm. The only parameters changed were the
substrate temperature and the deposition time. We grew at
900 °C for 15 min. The deposition time was selected in
order to achieve a film that covered the whole substrate that
did not experience peeling or delamination from the copper
substrate for the selected substrate temperature.

Experimental Setup for Sputtering of BCNTs

For deposition of the BCNTs with Si, the samples were
placed on the vacuum chamber of a Varian RF sputtering
machine. The samples were sputtered with a Si target for
30 min. The samples were placed on a substrate holder
with carbon tape and the holder was then placed on the
vacuum chamber. A silicon target is used. Before starting
the deposition, the residual pressure inside the vacuum
chamber was ~2 x 107’ Torr. During the sputtering
process the argon pressure was kept at 20 mTorr, while the
target was at a voltage of 1050 V and with a forward power
of 50 W.

Scanning electron microscopy using a JEOL model 35
CF microscope revealed the surface morphology. Raman
spectroscopy is used to analyze the structure. The Raman
spectra were recorded using a triple monochromator (ISA
J-Y Model T64000) using the 514.5 nm line of Ar laser.
The spectra were recorded using an 80x objective, and the
probed area was of 1-2 pm?. The power on the sample was
kept below 10 mW to avoid damage. Silicon was used to
calibrate the Raman peak position.

A JEOL 3010 high-resolution transmission electron
microscope operating at 300 kV was used to observe the
morphology and microstructure of the BCNTs samples.
The morphological and microstructural analysis on the
nanometer scale was carried out using a Carl Zeiss LEO
922 electron microscope operating at an accelerating
voltage of 200 keV. The ESI elemental maps were calcu-
lated from the electron energy-loss images by the three-
window technique described in the digital micrograph
software. In this method, three images from the transmitted
electrons filtered through three different energy regions
with energy windows of predetermined width are collected
sequentially using a CCD camera. Currently, EELS pro-
vides superior capability in identifying and quantifying
light elements under nanometer scales. Copper grids from
Ted Pella (Redding, CA) coated with a thin amorphous
carbon were used for the Transmission Electron Micros-
copy (TEM) studies. The TEM samples were prepared by
spreading onto the TEM grids a drop of ultrasonically
dispersed materials in water, and allowing them to dry
in air.
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The X-ray photoelectron spectroscopy (XPS) analysis
was carried out in the ultra-high vacuum (UHV) chamber
(5 x 107° Torr) of a Physical Electronic 5600 X-ray
photoelectron spectrometer. The Al X-ray monochromatic
source was kept at a power of 350 W with 15 kV, and the
pass energy used for the measurements was of 187.85 and
5.85 eV. The C 1s, O 1s, and Si 2p spectra were obtained
for BCNTs coated with Si. The 933.00 eV Cu 2p peak was
used to calibrate the spectral frequency whenever minor
charging effects (less than 1 eV) were observed. The fitting
of all spectra was done with mixed Gaussian Lorentzians,
unless other wise stated, using the Casa XPS program.

Field Emission IV characteristics were measured in a
custom made system, described in detail elsewhere [9].
Briefly, a diode configuration is used, in which a molyb-
denum rod of 3 mm diameter (area: 0.071 cm?) serves as
the anode. Voltage is applied using a Stanford Research
Systems PS350 power supply. The emitted current is
measured with a Keithley 6517A electrometer. For the
configuration employed, the macroscopic surface electric
field (Es) on the sample (i.e., cathode) can be estimated
accurately by Es = V/dca, where V is the voltage applied
to the anode and d, is the distance between the anode and
the cathode [10]. All the measurements were taken at
dca = 100 £ 2 pm, and at a pressure of 1-2 x 1077 Torr
(1.3-2.7 x 1077 mbar). Currents lower than 1 x 10712 A
was considered at the background noise level. The current
density was calculated by dividing the current over the
area of the sample subjected to E5 = V/dca, which, in our
specific configuration, is well-approximated by using the

Fig. 1 SEM micrographs of the
a, b BCNTs and ¢, d Si-coated
BCNTs

@ Springer

area of the anode (0.071 sz) [10]. The turn-on field (E))
was defined as the electric field necessary to emit a current
density of 10 pA/cm?® [11]. Each data point in the I-V
curves is the average of 8 measurements taken 250 ms
apart. For data acquisition, a custom Lab View (National
Instruments) program was developed. As a measure of
precaution to avoid the influence of displacement or
charging current in the field-emitted current, specifically in
currents smaller than 1 x 107! A, a delay of 4 s between
the change in voltage and the data acquisition was
employed.

Results and Discussions

The SEM images in the Fig. la, b shows the uncoated
bamboo like carbon nanotubes deposited by HFCVD.
Figure 1c, d shows the silicon-coated BCNTs with
increase in the diameter and surface roughness upon
sputtering. To learn more about the structure of these
BCNTs, we conducted TEM measurements. Figure 2a and
b are the TEM images of the silicon-coated BCNTs
revealing a diameter of ~80-100 nm. The inner nano-
cavities of the BCNTs are not clearly seen may be due to
the intense coverage of silicon allover the nanotubes. The
elemental mapping results (Fig. 3) suggest that silicon and
carbon are equally distributed in the sample and both
have identical mappings. The O (Fig. 3b) map shows a
uniform distribution on the tube and the grid consistent
with a contaminant species.

880 8.5Mm
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Fig. 2 TEM images of the a b
Si-coated BCNTs

B
100 nm

Fig. 3 Elemental mapping of the Si-coated BCNTs: a carbon, b oxygen, ¢ silicon

Raman Spectroscopy phonon modes of crystalline silicon [12]. The red shift of

this peak with respect to bulk Si crystals (521 cm™") can be
Figure 4 shows the Raman spectra of Si-coated BCNTs and  attributed to confinement effects [13, 14]. The broad bands
silicon film on copper substrates. The intense peak at  in the 250-350 and 900—1000 cm ™' regions correspond to
around 500 cm™' is ascribed to the transverse optical  the acoustic modes and the second order Raman signal of
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Fig. 4 Raman spectra of (a) Si on Cu (b) Si-coated BCNTs

silicon, respectively. Both of them became enhanced by
small crystallite size effects. When Si is deposited on
BCNTs, all the transverse optical phonons in the Brillouin
become activated due to the reduced phonon coherence
length, thus producing a very broad band in the 350-
550 cm™! region, consistent with the formation of nano-
SiC [15]. Similarly, the broad band in the 800-1100 cm™!
region confirms the formation of nano-SiC on the BCNTs.
Furthermore, the absence of C bands in the 1350 and
1600 cm ™! regions indicates that the nano-SiC coating is
very uniform, completely masking the underlying BCNTs.
The Raman excitation energy employed (2.5 eV) is com-
pletely absorbed within the thickness of the nano-SiC
coating.

X-ray Photo Electron Spectroscopy

Figure 5 shows the XPS regions of Si 2p, C 1s, and O 1s
for the BCNTs sputtered for 30 min (upper row) and 1 h
(lower row). The broad and asymmetrical Si 2p peak
indicates that the chemical state of the Si element is not
single. It was resolved into three peaks. The first two peaks
at ~100.5 and ~101.0 eV are the Si doublet, as expected.
The third peak at ~102.7 eV is associated to SiC, thus
confirming its presence in agreement with the character-
izations discussed above. The C 1s band can be resolved
into two peaks, one centered at ~283.0 eV, which is
associated to silicon carbides, and another at ~284.0 eV,
which is assigned to graphitic carbon. The O 1s band is
centered at ~532.2 eV and can resolved into two peaks:
one at ~532.1 eV, associated to carbonates, and another at
~532.9 eV, associated to SiO,.

Field Emission Results
The field emission properties can be affected by the band

gap, electron affinity, interfacial quality, and microstruc-
tural morphology [16, 17]. These Si-coated BCNTSs
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Fig. 5 XPS spectra of Si-coated BCNTs corresponding to Si 2p,
C 1s,and O 1s

(Fig. 6) show field emission properties that indicate the
existence of a good electrical interface between the sub-
strate and the BCNTs, which formed by direct deposition
(i.e., no catalyst or buffer layer), and between the Si
coating and the BCNTs. The turn-on field changed from
3.1 eV for BCNTs to 4.7 eV for Si-coated BCNTSs, which
is consistent with the formation of a thin Si layer and an
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Fig. 6 Field emission response of Si-coated BCNTs and BCNTs
a [-V curves, b F-N curves

amorphous SiC interlayer. For comparison, the turn-on
field previously reported for uncoated BCNTs is around
3 V/um [11] and that of Si tips is around 5 V/um [18]. The
experimental results show an increase of the FN slope and
of the turn-on field, which indicate that the effective work
function of the coated structures increased and/or the
enhancement factor decreased. The decrease on the
enhancement factor is expected after the coating for two
reasons: the increasing thickness of the tips and the mod-
ification of the local electric field due to the coating. The
changes on the effective work function are related to dif-
ferent effects like the formation of an interfacial layer and

surface states.

Conclusions

Various characterizations demonstrated the successful
silicon coating on the CNTs, which is potentially useful

as electrochemical active materials, though the present
coating is in a multi-phase state, such as silicon, silicon
carbide, silicon oxides are present in the sample. Due to
the insulating properties of SiO, it does not contribute
to the overall capacity were as Silicon carbide and sil-
icon. The electrochemical properties of these individual
phases add up to the total capacity of the electrochem-
ical cell. But we expect the Si/BCNT material to exhibit
properties similar to a silicon nanocomposite material.
The BCNTs were successfully coated with a thin layer
of Si. The Si/BCNT material has a diameter of ~ 80-
100 nm. The elemental mapping indicates that Si is
distributed uniformly over the BCNTs. Raman spec-
troscopy confirmed that the Si coating formed a homo-
geneous nano-SiC layer and XPS indicates the presence
of C=Si and Si—O bonds, which are consistent with the
Si encapsulation of BCNTs. Field emission results
confirm that the Si layer is in excellent contact with the
BCNTs and indicate that the Si nano layer can be
employed as a protective layer in BCNTs field emission

devices.
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